This study aimed to determine the effects of subsoiling, compaction on sowing furrow and seed treatments with insecticides on the grain yield of upland rice cultivated under no-tillage. Two experiments were carried out, one in an area with and the other in an area without subsoiling, in which five seed treatments combined with five compaction pressures on the sowing furrow were compared in a randomized block design, in a factorial scheme, with three replicates. The seed treatments were: T 0 -without treatment, T 1 -imidacloprid + thiodicarb, T 2 -thiamethoxam, T 3 -carbofuran, and T 4 -fipronil + pyraclostrobin + thiophanate methyl. The compaction pressures were: 25, 42, 126, 268 and 366 kPa. Subsoiling positively affected rice yield in the presence of higher compaction pressures on the sowing furrow. Seed treatment was effective at increasing rice grain yield only at the lowest compaction pressures. Rice yield showed quadratic response to compaction on the sowing furrow, with maximum values obtained at pressures ranging from 238.5 to 280.3 kPa.
Introduction
The no-tillage system, for the reduction in the traffic of machines and in soil disturbance associated with the use of cover crops, can preserve and even recover soil structure, maintaining the agricultural system more productive (Vezzani & Mielniczuk, 2009 ). However, soil compaction has been observed in some situations under no-tillage (Lanzanova et al., 2007; Almeida et al., 2008; Cunha et al., 2011) , which may constitute a limiting factor for the increase in yield and the continuous use of this system (Collares et al., 2008) .
When the soil is compacted, plant growth may be reduced due to the decrease in water availability, restriction to root growth and deficient aeration (Reichert et al., 2007) . The layer with highest impediment to root growth is located between 0.05-0.08 and 0.12-0.15 m (Silva, 2003; Suzuki et al., 2008; Secco et al., 2009) , forming the "no-till pan".
The rice crop does not adapt much to the no-tillage system due to its high susceptibility to the compaction of the superficial soil layer (Godoy et al., 2015) . Sometimes, mechanical decompaction becomes necessary to break the layer that reduces plant growth.
Chiseling has proven to be effective in the reduction of soil density and increase in macroporosity (Reichert et al., 2007) and water infiltration (Vieira & Klein, 2007) . Cunha et al. (2009) observed that subsoiling was effective at reducing the resistance to penetration in the layer of 0.20-0.40 m.
Soil tillage using chisel and leveling disc harrow promoted better soil physical quality in the layer of 0-0.20 m (Kamimura et al., 2009 ) and greater yield of upland rice (Fonseca et al., 2012) , in relation to no-tillage, which was also observed with the use of the "matabroto" type of chisel (Nascente et al., 2011) .
Another aspect to be considered in no-tillage is that the soil layer of 0-0.05 m usually has high total porosity, due to the action of seeder-fertilizer discs, higher concentration of roots and organic matter, greater biological activity and more wetting and drying cycles (Silva, 2003) , which may hamper the contact of rice seeds with the soil.
The compaction on the sowing furrow improves the contact between the soil and the seeds, allowing them to absorb water earlier and germinate more rapidly (Silva, 2006) . The use of this practice promoted increases of 40% in the stand of plants and 15% in the yield of rice cultivated in wetlands (Soares & Carrão, 1993) and 17% in the yield of upland rice under notillage (Portugal et al., 2013) .
This practice also contributes to minimizing the damages caused by termites, which occur in most rice plantations in Cerrado soils and are one of the main causes of use of insecticides in seed treatment (Ferreira et al., 2007) . Barrigossi et al. (2011) observed that the attack of termites in upland rice cultivated under no-tillage was lower in the treatments with furrow compaction and that the benefit of this practice is intensified when associated with seed treatment using insecticides.
This study aimed to determine the effect of subsoiling, compaction on sowing furrow and insecticide seed treatments on the yield of upland rice cultivated in no-tillage system.
Material and Methods
This study was carried out in the municipality of Santo Antônio de Goiás, GO, Brazil (16° 29' 15" S; 49° 18' 45 = 58.0 mg dm -3 . On January 5, 2012, two experiments were installed with upland rice; the first one in a subsoiled area and the second one in a non-subsoiled area. Subsoiling was performed at the depth of 0.35 m, using a hydraulic decompressor (IKEDA -Model DPT), with three rods and working width of 1.60 m, mounted with a leveling roll, attached to its rear end.
The areas had been used for 24 years with Brachiaria brizantha pasture. The experiments were conducted in notillage on the dried straw of the pasture, in order to compare five seed treatments combined with five compaction pressures on the sowing furrow, in a randomized block design, using a factorial scheme with three replicates. Seed treatments were: T 0 -without treatment, T 1 -imidacloprid + thiodicarb (52.5 + 157.5 mL a.i. 100 kg -1 seeds), T 2 -thiamethoxam (140 g a.i. 100 kg -1 seeds), T 3 -carbofuran (527 mL a.i. 100 kg -1 seeds) and T 4 -fipronil + pyraclostrobin + thiophanate methyl (62.5 + 0.625 + 50.625 mL a.i. 100 kg -1 seeds). The compaction pressures were: 25 kPa, promoted by the original compactor of the "V" wheel of the seeder-fertilizer; 42 kPa, promoted by the mass of 635.0 kg on the front axle of a MF 5275 4 x 2 tractor with bald 7.50-16, directional car tires (without "treads", larger contact area), without ballast; 268 kPa, promoted by the mass of 635.0 kg on the front axle of the same tractor, with 7.50-16 F2 three-tread (smaller contact area), directional tires, without additional ballast; and 366 kPa, promoted by the mass of 866.0 kg on the front axle of the same tractor with 7.50-16 F2 three-tread, directional tires, with additional ballast. The contact area of rear tires was increased and the mass was removed as much as possible, in order to reduce its influence on the sowing furrow.
The experiments were installed in 10 x 2.30 m plots with the upland rice cultivar 'BRS Pepita' , at the spacing of 0.46 m, with 92 seeds per meter. Immediately after sowing, the following herbicides were applied: paraquat (400 g a.i. ha ) and pendimethalin (800 g a.i. ha -1 ) + spreader-sticker Assist (mineral oil) (756 g a.i. ha -1 ). Sowing was performed using a seederfertilizer with a system known as "guillotine knife coulter". Basal fertilization was performed using 356 kg ha -1 of the commercial formula 5-30-15. Three top-dressing fertilizations were performed using urea, on February 1 (118 kg ha ).
Soil resistance to vertical penetration (RP) was determined using a penetrograph (Falker PenetroLOG -Model PLG 1020), in the layer of 0-0.40 m, at three points in each plot, one in each evaluated row. The data were obtained in kPa and mean RP values were calculated for layers from 0.05 m until the considered depth. Samplings were performed one day after a rain, with soil moisture close to field capacity. The data were graphically presented, considering the mean values of each treatment of compaction pressure on the sowing furrow. Yield was determined in the evaluated area of the plots (13.8 m 2 ) and corrected to 13% of humidity. During crop cycle, the number of plants killed by termites was evaluated along two meters of the sowing row, in three pre-established points in the central rows of the plots.
The experiments were analyzed together and the data were subjected to analysis of variance by F test, using the GLM procedure of the statistical program SAS (SAS Institute, 1999) . Means were compared by Tukey test at 0.05 probability level. In addition, regression analysis was performed when there were significant effects of compaction pressures on rice yield.
Results and Discussion
The isolated effect of subsoiling on rice yield was not significant. However, there was significant interaction between subsoiling and seed treatment and between subsoiling and compaction pressure (Table 1) , besides significant effect of seed treatment, compaction pressure on the sowing furrow and their interaction.
In the presence of subsoiling, the seed treatments T 1 (imidacloprid + thiodicarb) and T 2 (thiamethoxam) did not differ from T 4 (fipronil + pyraclostrobin + thiophanate methyl) and conditioned higher rice yields than the treatments T 3 (carbofuran) and T 0 (Table 2 ). In the absence of subsoiling, the treatment T 1 did not differ from T 2 and T 4 and also promoted higher rice yield than the treatments T 3 and T 0 . Barrigossi & Ferreira (2001) found that seed treatment using insecticides increased the yield of upland rice in relation to the control, without treatment, because of the reduction in plant mortality caused by the attack of termites and Lesser Cornstalk Borer (Elasmopalpus lignosellus). Barrigossi et al. (2011) also observed that seed treatment promoted greater control of termites in the rice crop, compared with the absence of treatment.
As shown in Figure 1 , rhizophagous termites caused the death of rice plants, especially in the absence of seed treatment; ns ,**, *Not significant, significant at p < 0.01 and p < 0.05 by F test, respectively Considering each seed treatment, the treatments of subsoiling did not affect rice yield significantly. Both in the presence and in the absence of subsoiling, rice yield increased quadratically with the increments in compaction pressure on the sowing furrow (Table 3) , with maximum estimated values of 3,965 and 3,277 kg ha -1 , obtained at the pressures of 248.1 and 243.7 kPa, respectively. According to the regression curves, until the value of 84 kPa, rice yield was higher in the absence of subsoiling and, from this value on, it became higher in the presence of subsoiling. Plant mortality caused by termites (Figure 1 ) was lower at the highest compaction pressures in the presence of subsoiling.
In soil subjected to three states of compaction, Secco et al. (2009) observed that chiseling increased corn grain yield, but it did not change soybean grain yield. Fonseca et al. (2012) and Nascente et al. (2011) , respectively, observed that chiseling + leveling harrowing and the use of the "matabroto" type of chisel promoted higher upland rice yield, in relation to the no-tillage system. Seki et al. (2012) , on the other hand, observed that subsoiling and sporadic chiseling in soils under no-tillage system did not interfere with plant development or corn yield. Likewise, Collares et al. (2008) did not observe effect of chiseling on bean and wheat yields in an area under six years of no-tillage system.
At the lowest compaction pressure (25 kPa), the absence of seed treatment conditioned the lowest rice yield (Table 4 ). The treatment T 1 did not differ from T 2 and promoted higher yields than the treatments T 3 and T 4 . At the pressure of 42 kPa, the treatments T 1 and T 2 promoted higher yields in comparison to the others. At the highest compaction pressure (366 kPa), these treatments and T 4 promoted higher yield in relation to T 3 and did not differ from T 0 . At the pressures of 126 and 268 kPa, there were no significant differences between the seed treatments.
The lowest rice yield in the absence of seed treatment, at the lowest compaction pressure, may be due to the greater mortality of plants caused by soil insects, especially termites, as reported by Barrigossi & Ferreira (2001) and Barrigossi et al. (2011) . The increase in compaction on the sowing furrow contributes to the control of termites (Barrigossi et al., 2011) and is possibly the reason why, in general, there was no difference between seed treatments at the highest pressures.
Rice yield increased quadratically and significantly with the compaction pressure on the sowing furrow, in all seed treatments, except for T 1 (Table 5) . Maximum yields were obtained at pressures ranging from 238.5 to 280.3 kPa. Modolo et al. (2007) observed that low pressures on the sowing furrow reduces the contact between the soil and the seed, limiting the amount of water that reaches the surface of the seed, thus decreasing emergence. On the other hand, high pressures may increase surface crusting, which impairs the entry of oxygen, causing the plant to consume more energy to emerge.
RP increased with soil depth and reached values from 2,755 to 3,460 kPa in the experiment with subsoiling and higher values, from 3,674 to 4,108 kPa, in the experiment without subsoiling (Figures 2A and 2B) , agreeing with Cunha
In the column, means followed by the same letter do not differ by Tukey's test at 0.05; T 0 -Without seed treatment; T 1 -Imidacloprid + thiodicarb (52.5 + 157.5 mL a.i. 100 kg -1 seeds); T 2 -Thiamethoxam (140 g a.i. 100 kg -1 seeds); T 3 -Carbofuran (527 mL a.i. 100 kg -1 seeds); T 4 -Fipronil + pyraclostrobin + thiophanate methyl (62.5 + 0.625 + 50.625 mL a.i. 100 kg -1 seeds) In the experiment with subsoiling, the effects of the pressures applied on the sowing furrow on the increase of RP were more evident ( Figure 2A) ; in the experiment without subsoiling, the effects of pressure on RP were similar ( Figure  2B ), possibly for being under greater compaction compared with the soil under subsoiling, which caused it to resist to the pressure exerted on the sowing furrow.
Considering the layer of 0-0.20 m, in which most rice roots are concentrated (Stone & Pereira, 1994) , RP showed maximum values around 2,200 and 3,200 kPa, respectively for the experiments with and without subsoiling. These values probably did not damage the crop, because the RP values that restrict root growth or crop yield are close to 3,000 kPa (Reichert et al., 2007) . Additionally, for Tormena et al. (2007) , this value may reach 3,500 kPa in soil cultivated for a long period under no-tillage, justified by the presence of continuous and effective biopores.
Conclusions
1. Subsoiling positively affected rice yield in the presence of higher compaction pressures on the sowing furrow.
2. Seed treatment was effective at increasing rice yield only at the lowest compaction pressures on the sowing furrow.
3. Rice yield responded quadratically to the compaction on the sowing furrow, with maximum values obtained at pressures ranging from 238.5 to 280.3 kPa.
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